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ABSTRACT: Leptin is an adipokine hormone secreted primarily from the white adipose tissue and leptin levels are usually 
elevated in obese individuals. Leptin is known to mediate the relaxation of the uterus in the pregnant mouse by increasing Nitric 
Oxide (NO) synthesis in late pregnancy. The present study aimed to assess the effect of a pathological concentration of leptin 
(3 nM) on NO synthesis in the uterus of early pregnant mice and also to evaluate its effect on the transcription of genes 
responsible for NO synthesis. mRNA expression studies using real-time PCR revealed that leptin (3 nM) increased the relative 
expression of the inducible Nitric Oxide synthase (iNOS) gene which also resulted in increased NO levels. The results suggest 
that higher leptin levels during early pregnancy may increase NO levels in the uterus which may result in a net decrease in 
uterine contractions further leading to complications in pregnancy. 
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INTRODUCTION 

Leptin is an adipokine released from the white adipose 
tissue. Initially, it was proposed as an anti-obesity hormone 
for its role in the regulation of body weight by reducing 
appetite and feed intake (Schwartz et al. 1999, Ahima 
and Flier 2000, Kwon et al. 2016). In addition, its role is 
now clear in diverse biological functions like 
thermogenesis, angiogenesis, hematopoiesis, osteogenesis, 
and chondrogenesis. Leptin also affects the functions of 
the reproductive, cardiovascular, and immune systems 
(Wauters et al. 2000, Caprio 2001, Hynes and Jones 
2001). Besides regulating uterine contractions, leptin is 
implicated to regulate the functions of the ovary, maturation 
of the oocyte, development of the embryo, implantation, 
and placentation (Cervero et al. 2005, Dos et al. 2012). 
Leptin level increases remarkably in obese pregnant 
females. Obesity during pregnancy increases the risk of 
various pregnancy-related complications, including 
miscarriage, endometriosis, ectopic pregnancy, and 
stillbirth (Malasevskaia et al. 2021). 


Leptin induces uterine relaxation in humans, rats, and 
mice, particularly in late pregnancy (Moynihan et al. 2006, 
Mumtaz et al. 2015, Srinivasan et al. 2021). The 
relaxation of the uterus is mediated by inducing the release 
of nitric oxide (NO) in a receptor-dependent manner 
through the JAK-STAT pathway (Srinivasan et al. 2021). 
Proper contractions of the uterus during early pregnancy 
are necessary for the precise positioning of the embryo 
in the uterine cavity and thus for embryo implantation 
(Fanchin and Ayoubi 2009). Hyperleptinemia in 
overweight and obese individuals may cause improper 
relaxation of the uterus. Abnormal relaxation during early 
pregnancy may lead to impaired positioning of the embryo 
impeding the implantation process. This study was 
undertaken to study the effect of 3 nM leptin (concentration 
reported in obesity, Barrichon et al. 2015) on NO synthesis 
in the uterus and also to investigate its effect on the 
transcription of genes responsible for NO synthesis in 
the early pregnant mouse. 
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MATERIALS AND METHODS 

Animals 

The experiments were carried out in apparently healthy 
virgin female Swiss albino mice (8-10 weeks old weighing 
approx. 25 - 30 g) procured from the laboratory animal 
resource section of the institute and were housed under 
standard housing conditions. An acclimatization period of 
7 days was maintained before commencing the 
experiments. Animals were provided with ad libitum 
standard rodent feed and potable drinking water during 
the study period. Handling animals and other maneuvers 
were carried out as per the guidelines laid by CPCSEA 
(Committee for Control and Supervision on Experiments 
on Animals) (CPCSEA 2003). Permission of the 
Institutional Animal Ethical Committee has been taken 
for the study. 


Induction of pregnancy 

After the acclimatization period of 7 days, female mice 
were mated with the same age group males in the ratio 
of 1:1. Mating was confirmed by the presence of a 
copulatory plug in the vagina of female mice. The day of 
the appearance of the copulatory plug was considered 
pregnancy day 1. Followed by mating, pregnant females 
were separated from males and maintained till the 5th 
day of gestation. 


In vitro studies with uterine tissue explants 

On the fifth day of pregnancy, female animals (n = 5) 
were sacrificed by cervical dislocation under anesthesia. 
After carefully removing the adhering fat, the foeti, and 
placental tissue, uterine tissues in the form of longitudinal 
uterine strips were collected aseptically from the horns 
of uteri in sterile PBS for explant culture. Tissues were 
collected from the same segment of uterine horn in each 
animal. Uterine explants of 1-2 mm}* were prepared 
aseptically inside laminar airflow and maintained in a 
medium containing Dulbecco’s Modified Eagle Medium 
(DMEM) supplemented with 20% fetal bovine serum 
(FBS) and 1% antibiotic-antimycotic solution (ABAM). 
After an incubation period of 30 min, uterine explants 
were treated with leptin (Rat leptin, R&D Systems, USA) 
at the concentrations of 0.3 nM (physiological leptin 
concentration reported in pregnant females) and 3 nM 
(pathological leptin concentration reported in obese 
pregnant females) (Barrichon et al. 2015) and incubated 
for 6h under 5% CO2. 


mRNA expression studies 
Tissue pieces were collected before (Oh) and after (6h) 
3 nM leptin treatment in RNAlater solution and stored at 


-80°C for assessing leptin-induced changes on the 
expression nitric oxide synthase (NOS) isoforms, eNOS, 
and iNOS, using real-time PCR. The specific primers for 
the genes were designed by online IDT software (Table 
1) (Srinivasan et al. 2021). 


RNA Isolation and cDNA synthesis 

Total RNA in each sample was isolated using RNeasy 
Plus Mini Kit (Cat. no. 74104, Qiagen, Germany) following 
the manufacturer’s protocol. RNA concentration and 
purity were assessed with the help of a Nanodrop UV 
spectrophotometer (Coleman Technologies Inc, USA). 
Samples showing the values of the A260/A280 ratio 
between 1.9 and 2.2 and the A260/A230 ratio of >1.5 
were further utilized for cDNA synthesis. cDNA (= 2 
lig) was synthesized on the same day using a High 
Capacity RNA-to-cDNA Kit (Cat. No. 4387406, Applied 
Biosystems, USA) following the manufacturer’s 
instructions. 

Real-time PCR conditions 

Initial incubation at 95°C for 10 min; 40 cycles of 
amplification with denaturation at 95°C for 35s; annealing 
at 60°C for 30s and extension at 72°C for 30s using 
SYBR Green Master mix (Cat. no. 4309155, Applied 
Biosystems, USA). The total reaction mixture (10 wl); 2x 
SYBR Green Master mix - 5 wl, Forward Primer 0.5 ul, 
Reverse Primer 0.5 ul, cDNA 1 ul and nuclease-free 
water 3 tu]. Mouse GAPDH was used as an internal control 
for the analysis of changes in gene expression (Step One 
Plus Rea-time PCR Machine, Applied Biosystems, USA). 
Based on the CT values, the relative expression of each 
gene was calculated. 


Measurement of nitric oxide 

Explants were also collected for estimation of NO levels 
before (Oh) and after (6h) leptin (0.3 and 3 nM) treatment 
in sterile tubes and stored at -80°C. NO levels were 
measured in the form of nitrite by a method described by 
Zhang et al. (1999), using Griess Reagent (Sigma Aldrich, 
USA). Tissues were homogenized in PBS as 10% 
homogenate and supernatants were collected after 
centrifugation with 10000 RPM at 4°C. 100 wl of 
supernatant was added to a clean tube containing 100 ul 
of Griess Reagent. The tubes were incubated for 20 min 
at room temperature after thorough mixing. After 20 min 
of incubation, absorbance was measured at 545 nm ina 
spectrophotometer (Eppendorf, USA). Unknown 
concentrations of nitrite in the samples were estimated 
from a standard curve plotted from known standard 
concentrations of sodium nitrite using the linear regression 
formula and expressed as tt moles/g of tissue. 
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Data analysis 

The data generated was expressed as mean+S.E.M. 
mRNA expression data were expressed as 2“ values 
with GAPDH as the housekeeping gene. Comparison 
between groups was made by unpaired t-test with Welch’s 
correction (Ruxton 2006). Comparison among the groups 
for NO levels was made by two-way ANOVA followed 
by Tukey’s post hoc test. All the statistical analyses were 
done by GraphPad Prism software version 9.0 
(Pavithra et al. 2022). p<0.05 was considered significant 
for all the results. 


RESULTS AND DISCUSSION 

Leptin at a concentration of 3 nM significantly increased 
(p< 0.05) the relative expression of the iNOS gene; 
whereas it did not affect the relative expression of the 
eNOS gene after 6h incubation compared to vehicle- 
treated explants (Fig. 1). Uterine explants treated with 
0.3 nM leptin showed no significant difference in nitric 
oxide levels compared to vehicle-treated explants whereas 
nitric oxide levels were significantly increased (p<0.05) 
in 3 nM leptin-treated uterine explants after 6h of 
stimulation (Table 2 and Fig. 2). Muscular contractions in 
the uterus during estrus are essential to enhance the 
passage of spermatozoa through the uterine cavity 
following successful mating to facilitate its advancement 
toward the place of fertilization (Suarez and Pacey 2006). 
After ovulation, the uterine contractions start to reduce 
and reach a peak relaxant state in the mid-luteal phase 
which helps in proper embryo positioning in the uterine 
cavity and thus facilitates embryo implantation (Fanchin 
and Ayoubi 2009). At term, the uterine contractions 
suddenly increase to expel the fetus from the uterine cavity 
(McEvoy and Sabir 2022). Abnormal uterine contractions 
during any of these stages may lead to reproductive 
problems in animals and humans like abortions, implantation 
failure, and dystocia (Norman et al. 1991, Bellver and 


Table 1. Sequence of primers used in real-time PCR analysis. 


Table 2. Effect of leptin (0.3 and 3 nM) on nitric oxide synthesis 
in the early pregnant uterus after 6h stimulation. 


Leptin Level of nitric oxide after 6h 
Concentration(nM) (UU moles/g tissue) 
Vehicle 0.144+8.92 
0.3 0.15 +£7.29 
3 0.21 + 12.47* 


*p<0.05 as compared to respective vehicle control. 


Simon 2018, Kissler et al. 2020). The Nitric oxide system 
in the uterus helps to maintain uterine quiescence 
throughout pregnancy to aid in the development of the 
fetus and maintain pregnancy. Nitric oxide synthase 
enzymes (NOS) are also reported to be expressed in 
uterine tissue (Buhimschi et al. 1995). The NOS enzyme 
has two main isoforms, constitutive (CNOS) and inducible 
(iNOS) (Lowenstein et al. 1994). NO, which is produced 
by NOS enzymes, has a marked relaxant action on the 
pregnant uterus (Yallampalli et al. 1993). Leptin at a 
pathological concentration (3 nM) significantly increased 
the relative expression of the iNOS gene and increased 
NO levels which may result in a net decrease in uterine 
contractions in early pregnancy. Leptin has been reported 
to increase the serum levels of NO in a dose-dependent 
manner in Wister rats (Friihbeck 1999) and in the basal 
hypothalamus and the anterior pituitary gland in male rats 
by activating NOS (Yu etal. 1997). Leptin is also reported 
to induce vasodilation by activating eNOS in endothelial 
cells (Vecchione et al. 2002) and iNOS in vascular smooth 
muscle cells thereby resulting in enhanced NO 
bioavailability in peripheral blood vessels (Rodriguez et 
al. 2007). Similarly, Becerril et al. (2018) reported that 
the activation of iNOS by leptin is vital for the production 
and release of tenascin C in adipose cells which mediates 
adipose tissue inflammation and fibrosis. Otero and co- 
workers (2003) stated that leptin enhanced the expression 


Name Primer Sequence Amplicon Annealing Gene Accession 
Size temperature (°C) No. 
GAPDH _— F:5'CTGCACCACCAACTGCTTAG -3' 120 bp 60 NM_001289726.1 
R:5'- GGGCCATCCACAGTCTITCT - 3' 
eNOS F:5'- GCATCACCAGGAAGAAGA-3’ 120 bp 60 NM_021838.2 
R:5'- CAGTCTCAGAGCCATACAG-3' 
iNOS F:5'- CACAGTCCTCTTTGCTACT-3’R: 125 bp 60 NM_012611.3 


5'-CCAAGGTGTTTGCCTTATAC-3' 
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Fig. 1. Effect of 3 nM leptin on mRNA expressions of eNOS 
and iNOS genes in the early pregnant uterus after 6h 
stimulation. [p<0.05 as compared to respective vehicle control]. 


% Basal NO level 


Vehicle 


0.3 nM InM 

Fig. 2. Effect of 0.3 and 3 nM leptin on nitric oxide synthesis 
in the early pregnant uterus after 6h stimulation. 

[p<0.05 as compared to vehicle control and 0.3 nM leptin]. 


of iNOS and NO production in human primary 
chondrocytes and ATDCS cells in a dose-dependent 
manner along with interferon-a. It was also suggested 
that leptin is involved in the promotion of ulcer healing by 
increasing NO levels through the up-regulation of cCNOS 
and iNOS in the ulcer area (Konturek et al. 2001). Leptin 
is also involved in peroxynitrite-mediated oxidative stress 
in the steatotic liver by inducing the expression of iNOS 
and NADPH oxidase (Chatterjee et al. 2013). 


CONCLUSION 

Adequate uterine contractions are necessary for proper 
positioning and successful embryo implantation in early 
pregnancy (Bulletti et al. 2004). Higher serum levels of 
leptin as observed in obese women during early pregnancy 
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may increase nitric oxide levels by inducing iNOS 
expression in the uterus and thus, may reduce the adequate 
uterine contractions contributing to ectopic pregnancy, 
miscarriages, and/or endometriosis. 
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